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Optical transmission spectra of CuCl microcrystals embedded in NaCl crystals were studied 
around the Z, exciton resonance by varying the annealing time. With the increase in 
the annealing time, extinction spectra of the Z, exciton change anomalously from the 
absorption-type spectrum to the emission-type spectrum via the dispersion-type 
spectrum. The Mie theory [Ann. Phys. 25, 377 (1908)] successfully explains the spectral ~_ 
change due to the growth of microcrystals. We report here for the Arst time an anomalous 
change of the exciton spectra due to the growth of semiconductor microcrystals. 
Recently much interest has been taken in the linear 
and nonlinear optical properties of semiconductor micro- 
crystals. Quantum confinement of electrons, holes, and ex- 
citons have been typically observed in C!dS, CdSe, or CuCl 
microcrystals.’ Especially, quantum confinement of exci- 
tons is well observed in CuCl microcrystals. Quantum con- 
fined excitons in CuCl microcrystah show blue shifts in the 
absorption spectra. In addition, the quantum confined ex- 
&tons exhibit unique optical nonlinearities.’ So far, the 
blue shift or the asymmetric line shape with a high-energy 
tail of the exciton absorption spectrum has been used to 
know the microcrystal size or size distributions4 However, 
the blue shift is detectable only for microcrystals whose 
radius is smaller than 10 nm. The all-optical means to 
estimate the arbitrary size of microcrystals is desirable. For 
the development of the all-optical means, the full under- 
standing of the exciton absorption spectrum of microcrys- 
tals is important. It is also usefu1 for the nonlinear optical 
study of microcrystals. 
In this study, we studied the optical transmission speo 
tra of annealed samples of CuCl microcrystals embedded 
in NaCl host crystals. We found the anomalous change of 
Zs exciton transmission spectra from the absorption-type 
spectrum to the emission-type spectrum via the dispersion- 
type spectrum with the increase of the annealing process 
time. The anomalous change was successfully explained by 
the Mie theory. Comparing the transmission spectra with 
the Mie calculation gives a unique optical method to esti- 
mate the microcrystal size. We demonstrated here that our 
all-optical method is useful to estimate the size of CuCl 
microcrystals. 
Samples were grown from the molten NaCl doped with 
CuCl by the transverse Bridgman method. Many pieces of 
platelets~were cleaved from a small block which was a part 
of a grown crystal rod. Their sizes were approximately 
4 >I: 4 x 0.3 mm’. The doped CuCl concentration was deter- 
mined to be 0.16 mol% by the inductively coupled plasma 
optica emission spectroscopy. Optical transmission spec- 
trum of a platelet at 77 K is shown in Fig. 1 (a). The 
vertical axis shows the extinction coefficient. It was simply 
calculated by ln(Ji,/‘&,,j/& where Ii,, &, and d are the 
incident light intensity, the transmitted light intensity, and 
the sample thickness, respectively. The spectrum peak 
shows a blue shift of the Zs exciton by 3.6 meV.from the 
bulk crystal. Asymmetric line shape with a high-energy tail 
is due to the size distribution of the microcrystals. Platelets 
were annealed for 5, 40, 135, 320, or 625 min at 232 “C in 
vacuum. Transmission spectra of them at 77 R are shown 
in Figs. l(b), l(c), l(d), l(e), and l(f). The i?r; exciton 
structure in Fig. l(b) is symmetric and, is lower in height 
than that in Fig. l(a). The Z3 exciton structure in Figs. 
1 (c), 1 (d), and 1 (e) shows the dispersion-type structure. 
The structure in Fig. I (f) shows the emission-type struc- 
ture. 
The similar spectral change is also observed around the 
Z,,, exciton resonance as is seen in Fig. 1. With the in- 
crease in annealing temperature, the same change takes 
place- more sensitively depending on the annealing time. 
Reversely, with the decrease in annealing temperature, the 
< 50 
2e 1 
k E li s u 
s? F: 
zi F 2 
L......,(........I.......l 
3.2 3.3 
PHO?-ON ENERGY (eV] 
FIG. 1. Extinction spectra ofCuC1 microcrystals embedded in NaCl host mm 
crystals at 77 K. The spectrum CI is the spectrum of a nonanneal- 
ed sample. The peak energy shifts by 3.6 meV from the bulk position, 
which indicates that the radius of the microcrystal is 7 nm. ‘I’he spectra 
h, c, d, e, andfare the spectra of sampIes annealed at 232 “C. The anneat- 
ing time is 5 min for 6, 40 min for c, 135 min for d, 320 min fbr e, and 
625 IllihfOff: 
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change becomes dull. We also measured the transmission 
spectra at 2 K to check the thermal broadening of the 
structure at 77 K. However, the structure changes little 
except an energy shift of 15 meV. 
To our knowledge, this observation is the first report 
about the anomalous change of the exciton extinction 
structure in semiconductors. However, there are reports 
about the similar variation of the absorption bands in in- 
terstellar grains.5*6 The phenomena have been interpreted 
by applying the Mie theory to the extinction spectra 
around the resonance line of the absorption bands. There- 
fore, we follow the similar analysis procedure. 
We adopted the Lorentz oscillator model to describe 
the %s exciton dispersion relation for simplicity. It is the 
one-oscillator model. The dielectric constant E is described 
by the equation: 
~=q,[l+l$/(Ef--E2-iyE)], (1) 
where eh :I 5.0 is the background dielectric constant, 
Et= 3.2025 eV is the transverse exciton energy, 
EI = 3.2080 eV is the longitudinal exciton energy,‘. and 
y = 1.49 meV is the damping constant. The damping con- 
stant y is determined to describe the experimental e2 
(imaginary part of dielectric constant) well.8 
The mathematical procedures of the Mie calculation 
are as follows? Suppose a microcrystal sphere is placed in 
the incident light flux. The electromagnetic fields at all the 
space points are expanded by the infinite series of Bessel 
functions. Here the Maxwell boundary condition is im- 
posed on the fields at the boundary between a microcrystal 
sphere and the surrounding medium. Then, the scattering 
intensity and the transmission intensity of light are calcu- 
lated at an imaginary sphere around the microcrystal and 
the intensities are integrated. In this way, we can calculate 
the scattering intensity, the extinction intensity and the 
absorption intensity which is equal to the extinction inten- 
sity minus the scattering intensity. 
The calculation based on the Mie theory was numeri- 
cally done by using the subroutine BHMIE.’ Here, we 
assumed that CuCl microcrystals are spheres with a radius 
of a. The e1 (real part of dielectric constant) of NaCl host 
crystals is 2.457 around the 2s exciton resonance of CuCl 
and e2 of NaCl is assumed to be zero. Calculated spectra 
depending on the CuCl radius a divided by light wave- 
length d are shown in Fig. 2. The light wavelength il is 
fixed to be 387 nm. The vertical scale shows extinction, 
scattering, and absorption efficiencies by a CuCl micro- 
crystal. The extinction efficiency is the sum of the scatter- 
ing and absorption efficiencies. The efficiency is defined as 
the cross section divided by rra2. The extinction cross sec- 
tion multiplied by the number density of microcrystals 
gives the extinction coefficient. 
While the condition a( ;1 holds, the electrostatic ap- 
proximation is valid.5 Then, the absorption efficiency in- 
creases in proportion to a with the increase in a. On the 
other hand, the scattering efficiency increases in proportion 
to a4. Such scattering is referred to as Rayleigh scattering. 
The increase saturates as a/A approaches to 0.1. When a//Z 
is 0.01, the line shape of the extinction efficiency spectrum 
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FIG. 2. Calculated extinction, scattering, and absorption efficiency spec- 
tra of a CuCl microcrystal embedded in an NaCl host crystal. The ex- 
tinction, scattering, and absorption efficiency spectra are shown by solid, 
dashed, and dotted lines, respectively. The upper left, upper right, lower 
left, and lower right spectra correspond to conditions o//z = 0.01, 0.1, 
0.2, and 0.5, respectively. 
is almost symmetric and most of the extinction comes from 
the absorption. The extinction spectrum shows a peak at 
the energy where - e1 of CuCl is equal to twice El of 
NaCl. The peak is ascribed to the Frohlich mode? When 
a/A. is 0.1, the extinction spectrum becomes somewhat 
asymmetric and has a double-peak structure. Higher en- 
ergy peak is ascribed to the Friihlich mode and the lower 
energy peak to the low-frequency mode.g The scattering 
overwhelms the absorption. When a/A is 0.2, the extinc- 
tion spectrum is the dispersion type. The low-frequency 
mode overwhelms the Frohlich mode. The scattering spec- 
trum dominates the extinction spectrum. When a/A is 0.5, 
the extinction spectrum is the emission type. The scattering 
dominates the extinction spectrum. The spectrum consists 
of multiple peaks which are ascribed to Frohlich modes 
and low-frequency modes. The physical origin of the in- 
crease of modes is the increasing contribution of the 
higher-order electric-type and magnetic-type normal 
modes in the sphere with an increase in the radius. 
In reference to the linear and nonlinear optical prop- 
erties of semiconductor mycrocrystals, the local field effect 
in the electrostatic approximation has been considered for 
ultrasmall Rayleigh semiconductor microcrystals.iO”’ 
However, the treatment is not sufficient for CuCl microc- 
rystals whose radius is larger than 0.11, because of the 
serious contribution of the scattering efficiency and the 
breakdown of the electrostatic approximation. 
The calculated spectral change well explains the exper- 
imentally observed spectral change. With the increase in 
the annealing time, the size of CuCl microcrystals in- 
creases. As a result, the extinction spectra around the Z3 
exciton resonance change from the absorption type to the 
emission type via the dispersion type. 
To compare the experimental extinction spectra with 
the calculated spectra, we took into account a size distri- 
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FIG; 3. Experimental (solid line) and calculated (dashed line) extinction 
spectra of CuCl microcrystals in NaCl host crystals. Figures c, d, e, and 
j’correspond to Figs. t(c),l(d), I(e), and l(f), respectively. The hori- 
zontal energy scale is shifted by energy difference 15 meV between the 2, 
exciton resonance energies at 77 and 4.2 K. The vertical scales for the 
calculated spectra are chosen to be arbitrary to fit the experimental data 
well. The parameter a/L values for the best fitting in c, d, e, andfare 0.14, 
0.17, 0.20, and 0.25, respectively. 
bution of the CuCl microcrystals. Larger microcrystals 
grow through the-dissolution process of small microcrys- 
tals, the diffusion- process and the recondensation process 
at larger microcrystaks. In this case, the size distribution of 
CuCl microcrystals is considered to follow the Lifshitz- 
Slezov distribution.‘**’ The extinction spectrum is calcu- 
lated by the integral 
-3/2 
J 
na2P(a/Z]Q(E,a)d(a/Z), 
0 
where Z is the average radius of microcrystals, P(afiJ is 
the Lifshitz-Slezov distribution, and Q(E,a) is the extinc- 
tion efficiency spectrum of the microcrystal with a radius 
of a. 
The experimental extinction spectra and fitted spectra 
are shown in Fig. 3. The experimental extinction spectra 
and calculated spectra by the Mie theory agree fairly well 
with each other. Disagreement at the high-energy side of 
the 2, exciton resonance is ascribed to the neglected con- 
tribution to E of the 2?& excitons. We can estimate the 
approximate size of CuCl microcrystals by comparing the 
shape of the extinction spectra. The estimated radii of 
CuCl microcrystals for extinction spectra of Figs. l(c), 
1 (d), 1 (e), and -1 (f) are 54, 66, -77, and 97 nm, respec- 
tively. As demonstrated here, the calculation based on the 
Mie theory is useful to estimate the radius of the CuCl ~~ 
microcrystals. This all-optical method is useful for CuCl 
Mie microcrystals whose radius a is in an order of 0.1 2. 
In summary, we observed the anomalous change of the 
extinction spectra of CuCl microcrystals embedded in 
NaCl host crystals with the increase of the annealing time. 
The 5 exciton structure changes from the absorption type 
to the emission type via the dispersion type. The Mie the- 
ory successfully explains the spectral change due tom the 
microcrystal growth. Comparing- the extinction spectra 
with the Mie calculation gives a unique all-optical method 
to estimate the microcrystal size. This report presents the 
first observation of the anomalous change of the exciton 
spectrum due to the growth of semiconductor microcrys- 
tals. 
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